Corpus Christi, Texas, is a growing urban area with a busy port and a petrochemical industrial base that is currently in compliance with the US Environmental Protection Agency's (EPA) National Ambient Air Quality Standards (NAAQS) for ozone. However, the Texas Commission on Environmental Quality (TCEQ) has classified this urban airshed as a near non-attainment area. A comprehensive annual air emission inventory based on marine engines activity was developed for the years of 2006-2009 for the Port of Corpus Christi, Texas using recent EPA approved methodology. A regional-scale photochemical model Comprehensive Air Modeling system with extensions (CAMx) was used to evaluate the impact of these emissions on the ground level ozone concentrations by zeroing out the emissions and employing Direct Decoupled Method (DDM) for sensitivity analysis to estimate the 8-hour ozone sensitivity coefficients due to NO x and VOC emissions from marine engines. The analysis has shown a localized increase of up to 7.8 ppb in the 8-hour ozone concentration very close to the port premises and a decrease of about 1.73 ppb further downwind. Ozone sensitivity analysis using DDM on the 8-hour ozone concentrations showed a higher sensitivity to NO x emissions. Thus, any NO x related controls of marine engines will benefit local urban and regional ozone levels.
Introduction
Over the past few decades, the impact of air emissions from marine engines has gained importance in United States and across the world. Emissions from ocean going vessels (OGV) have become significant sources of air pollutants in urban areas with port infrastructure. OGV are highly polluting combustion sources based on the quantity and quality of fuel consumed [1] . Impact of marine engine emissions is both a local as well as a regional problem. OGV emissions are easily transported through air from sea to land and among continents [2] . International fleets contribute significantly to global anthropogenic emissions [3] [4] . Several prior studies have highlighted the development of marine emissions inventory at port facilities and have also provided emission factors for OGV at ports around the world [5] [6] [7] [8] [9] [10] [11] [12] [13] . Most of the marine engines are diesel operated and the anthropogenic emissions from diesel exhaust contain air toxics which have adverse effects to the human health and the environment [14] [15] . Marine engines are a major non-road source category and they are also significant emitters of ozone precursors such as oxides of nitrogen (NO x ) and volatile organic compounds (VOC) [16] .
It is well-known that all non-road emission inventories have very large uncertainties. The non-road inventories have suffered from two important weaknesses. These weaknesses arise from the assumptions made while developing inventories that are often derived from engineering or manufacturer test data rather than in-service sampling and emission factors from fuel consumption and activities level information that represent a national average which may not be characteristic of emissions at the local level [17] . Therefore, it becomes essential to adopt recently developed emission factors and emission estimation methodologies to minimize these uncertainties.
According to the US Environment Protection Agency (EPA), over the next few decades, marine engine emissions may be significant contributor to the emissions inventory [18] . As per the EPA, all the ports in United States should develop their own activity-based emissions inventory. The emissions inventory developed is used to assist local and state implementation plans (SIP) in order to maintain an urban airshed in attainment of the National Ambient Air Quality Standards (NAAQS) for a criteria pollutant such as ozone. The emissions inventory is also built for photochemical modeling purpose that is eventually used for air quality research, planning and management activities. Ozone precursor emissions (NO x and VOC) from OGV and barges are considered to be significant non-road mobile sources in any coastal urban airshed. It has been shown that nitrogen emissions from OGV account for more than 14% of all nitrogen emissions from fossil fuel combustion [9] . It was found that in 2002, nonroad sources of emissions contributed 49 tons· day −1 , approximately 25% of the total NO x emissions within the Corpus Christi urban area in Texas [19] .
Corpus Christi is a semi-arid coastal urban area located in South Texas along the Gulf of Mexico. It is home to the sixth largest port in the United States in total tonnage. The presence of the port has facilitated the development of large industrial complexes of chemical and petrochemical industries around its vicinity which also contributes emissions of ozone precursors into the urban atmosphere. Currently Corpus Christi is in attainment of the National Ambient Air Quality Standards (NAAQS) for the 8-hour ozone concentration. However, due to several recent high ozone episodes over the past decade, it has been classified as a near non-attainment area as per the Texas Commission on Environmental Quality (TCEQ). High ozone episodes were observed during 1995, 1999, and 2002. Photochemical modeling for high ozone episodes was conducted for all of these episodes. The most recent photochemical modeling episode developed for the region was for 2002 [19] and this has been used in this study.
The objective of this study was to quantify and assess the emissions from key categories of non-road mobile sources including OGV and barges in the Corpus Christi urban area. This paper will provide a brief description of the adopted methodology for estimating anthropogenic emission estimation of OGV and barges. It will also demonstrate an assessment of vessels traffic, emissions, and evaluate the impact of marine emissions on urban ozone levels using a photochemical model. To quantify the emissions, ship-specific activity, engine characteristics [20] , emission factors, and OGV traffic information was collected from the Port of Corpus Christi. Vesselsspecific information was needed because each vessel entering and leaving the Corpus Christi ship channel (CCSC) has a unique activity profile (cruising, reduced speed zone, docking/hoteling, etc.) and a unique set of emission factors based on the size of the ship, its engine specifications, and its activity profile while operating within the CCSC.
Another objective of the study was to determine the impact of ozone precursors from OGV and barges to the urban ozone levels. Prior studies have demonstrated the influence of NO x emissions from OGVs on the tropospheric ozone levels [21] [22] [23] . Quantified emissions were processed to generate photochemical model ready inputs to simulate a high ozone episode of September 11-14, 2002 . A regional-scale photochemical model Comprehensive Air Modeling system with extensions (CAMx) was used in this study [24] . The modeling exercise was conducted to evaluate the impact of quantified marine emissions and emission sensitivity due to hoteling emissions on the ozone levels within and around the airshed. Several "zero-out" emissions scenarios were simulated to evaluate the influence of emissions from OGV and barges. The photochemical model was also used to determine NO x and VOC sensitivity coefficients due to emissions from OGV and barges using a direct decoupled method (DDM). DDM is a stable and computationally efficient tool which integrates the sensitivity equation, decoupled from the model equations [25] .
The Corpus Christi ship channel is classified into four traffic segments as shown in Figure 1 and these are described in Table 1 . Once the marine vessel comes within the port limits it needs to follow the maritime guidelines of the port. An OGV's activities are based on its speed within the segments classified as: cruising, reduced speed zone, maneuvering, and hoteling. In the first segment, OGV enter the ship channel while traveling at cruising speeds not exceeding 20 knots (10.29 m·s
−1
). The length of this segment is 3.91 nautical miles (7.24 km). After the marine vessel passes the inner basin at Port Aransas, it enters the Corpus Christi bay, approximately 18.14 nautical miles long (33.60 km), where they reduce their speed to about 12 knots (6.17 m·s
). For calculation purposes, this segment was divided into Bay 1 and Bay 2. Vessels going to La Quinta channel travel only Bay 1 while others going to inner harbor travel Bay 1 and Bay 2. Once the marine vessel reaches the Harbor Bridge, at the outer edge of the inner harbor, it further reduces its speed to about 5 knots (2.57 m·s −1 ). Since the marine vessel enters the port limits it is assisted by towboats/tugs while traveling to their berthing dock. La Quinta segment is where several private docks are located and is about midway in the ship channel. OGV going to La Quinta channel reduces its speed to 5 knots (2.57 m·s
) and are assisted by towboats/tugs while traveling to their berthing dock. The distance traveled by the vessels varies as per the location of the docks. The Inner harbor and La Quinta channel is 7.50 nautical miles (13.89 km) and 4.88 nautical miles (9.04 km) long, respectively. Diesel engines on OGVs such as container ships, tankers, bulk carriers, and cruise ships are of two types-1) main propulsion engine and 2) auxiliary engines. The main propulsion engines are usually very large on most oceangoing vessels and are usually classified as "Category 3" engines. The engines on ocean-going vessels are typically with per-cylinder displacement of up to 30 liters and are usually classified as "Category 1" or "Category 2" engines [26] . The emission calculations were based on the vessel activities, ship details, and EPA recommended methodology as shown in Figure 2 . The emissions were calculated by the product of the vessel trips or calls, vessel power, load factor, and time in the mode of operation for all modes of operation. Equation (1) was used to calculate emissions from vessels' main and auxiliary engines as shown below. Power required for each vessel was calculated for each segment as shown in Figure 1 . The load factor to the main engine during each segment was calculated by using Equation (2) given below: 453.57 2000
where, E i is emission of pollutant i in transit segment in tons, P is rated power of propulsion engine by vessel and engine type, EF i (g/kW-hr) is emission factor for pollutant i, LF is load factor (fraction of rated power) by mode, t (hr) is average time for each mode by vessel and engine type per call or trip. The load factor calculation for the main engine is shown in Equation (2), while the load factor for the auxiliary engines were adopted from EPA [27] and are shown in Table 2 . 3 
Actual Speed Load Factor
Cruise Speed
The main and auxiliary engine emission factors adopted in this study were reported in US EPA [27] . Emission factors for slow-speed diesel (SSD), mediumspeed diesel (MSD), high-speed diesel, steam turbines (ST), and gas turbines (GT) for residual oil fuel were used in the study as shown in Table 3 . At the dock, the auxiliary engines were assumed to operate at capacity for the duration of stay. This assumption was made from reports for the calculation of emissions from auxiliary engines [27] . It was also assumed that the main engine was completely shut down while hoteling. Barges are moved by tugboats. For barges in the ship channel, emissions were calculated for transit emissions only, although data from the Port shows the dock arrival and departure times. Emissions for each barge were calculated by assuming that each barge has a 1059 hp engine.
Data and Acquisition
The Port of Corpus Christi Authority (PCCA) provided the vessel traffic data for total number of calls for the base year 2006-2009. The data was then compiled in a database using ship name and ID number, arrival/departure dates and times for each trip, deadweight, gross weight tonnages, and other ship information such as beam, length, and depth for each ship (these were not used in the calculations), ship cargo type, dock where the vessel was loaded or unloaded during each trip. Each marine vessel has its specification and the information for each vessel was extracted from Lloyd's Register of Ships [20] . The following information for each ocean going vessel was extracted: ship main engine brake horse power, auxiliary generator power, and maximum speed. The ship activity data obtained from PCCA was further enhanced for emissions calculation by employing information such as year of build, speed (knots), main and auxiliary engine power (kW) from the Register of Ships [20] . The information on some ships was not available and many ships were not in the Register of Ships database and were considered as missing. The percentage of missing ship information from the Register of Ships for the years of 2006-2008 was about 18% and it was 16% for 2009. In order to fill in the missing ship information; first, the group identifier of the ship was noted; second, the average of the missing field for the group was calculated and used to replace the missing value. For example, if a crude oil tanker (COT) had no information on the maximum speed, then the average of maximum speed of all COTs was used. However, if the ship group was missing along with other field(s), then first the ship was grouped as "other Ship" and the remaining missing field(s) was calculated using the method described above.
Photochemical Modeling
The Comprehensive Air quality Model with extensions (CAMx) version 5.30 [24] Figure 3 .
Emission sensitivity analysis was performed in order to find the impact of marine engine emissions within and around the urban airshed by conducting "zero-out" runs in which emissions from marine engines and barges were completely removed from the processed emissions input to the photochemical model with the help of associated model tools and user developed software. The influence of various emission source categories on the peak O 3 levels were then calculated by subtracting the peak O 3 concentrations for each particular zero-out run from the episode maximum O 3 concentrations of the base case. First and higher order DDM analysis tool was used to determine the ozone sensitivity coefficients for NO x and VOC emissions from the marine engines.
Emissions Preprocessing
The 2002 emission inventory of all near non-attainment areas was processed using Emission Preprocessing System version 3.20 [28] . EPS3 processes emissions temporally and spatially to generate CAMx ready input files. The locations of the processed point sources of emissions are defined in terms of latitude and longitude. All other emission sources like area, non-road and on-road mobile and biogenic exist in the surface layer. In 2007 maximum numbers of OGV and barges calls were observed and as a result significant ozone precursor emissions were expected. The quantified emissions of OGV and barges for 2007 were then processed for transit and hoteling in two distinct steps; initially PRESHP (PRE process or for SHiPping emissions) module of EPS3 incorporated shipping emissions estimates within shipping lanes into the modeling domain. Its function was to identify the shipping channels within the modeling domain, spatially allocate shipping channel emissions to grid cells, and then reformat the shipping emissions estimates into the CAMx model ready format. Spatially allocated OGV and barges NO x emissions during transit and hoteling are shown in Figure 4. 
Meteorological Modeling
Photochemical model CAMx requires hourly three di- mensional meteorological parameters, namely layer interface height, winds, temperature, pressure, vertical diffusivity, water vapor, cloud cover, and rainfall rate. These meteorological inputs for CAMx model were generated using the Fifth Generation Pennsylvania StateUniversity/National Center of Atmospheric Research (PSU/NCAR) Meteorological Model (MM5) [29] . Meteorological inputs for Sep 8-16, 2002 were developed using MM5 and evaluated as per EPA criteria [19] . The model performed well within the acceptable limits set by EPA. 2006  973  44  269  566  3  52  0  86  1993  4666  2007  908  0  291  768  1  74  0  98  2140  4627  2008  1024  0  344  227  5  78  0  79  1757  4300  2009  926  35  5  0  5  32  1  61 1315 3850 Tables 5 and 6 . Since the numbers of unique calls during 2007 were observed to be highest, the emissions estimates were also highest for ozone precursors, criteria pollutants, and greenhouse gases. Tables 5 and 6 . This clearly suggested that the economic downturn had a significant impact on the overall emissions from marine NO x and VOC emissions from OGVs at the PCCA. Since the unique number of calls was highest during 2007, the ozone precursor, criteria pollutants, and greenhouse gases emissions were also highest during this time. Amongst the mode of ship transportation, hoteling contributed more than 50% of the total NO x emissions as shown in Figure 6 . The emissions from tugboats pushing barges at the PCCA and in the intercostal waterway were calculated using the EPA methodology. For the barges, unlike the OGVs, unique number of calls peaked during 2006 and steadily decreased thereafter through 2009 as shown in Table 4 . Although, barges on an average accounted for about 70% of the total calls from 2006-2009; the emissions from barges were lower than from OGVs. This was 
Impact of Emissions from Marine Engines

Modeling the Impact of Marine Engines
The developed base case model was evaluated as per EPA recommended statistical methods [30] . The archived surface observed ozone data were obtained from TCEQ for analysis purposes. The base case evaluation was done only for high ozone days of the episode which were September 11-14, 2002 . The model was evaluated for the 8-hour ozone levels in all NNA. The base case model slightly under predicted the observed peak ozone levels. However, the unpaired peak accuracy for the study region was very much within ±20% limits set by EPA.
Impact assessment of marine engine emissions within and around the urban airshed was conducted by "zero-out" runs in which emissions from marine engines and barges for transit and hoteling were completely removed from the emissions input to the photochemical model. Base case photochemical model for September 2002 was developed by replacing 2002 marine engine emissions with those calculated for 2007 as reported in this study. To find the impact due to marine engine emissions, a control case without emissions from OGV and barges during transit and hoteling was simulated. The impact of marine engine emissions on ozone levels was then calculated by subtracting the control case from the base case ozone concentrations. It was found that with the removal of OGV and barges emissions, the maximum hourly ozone concentration at the port and nearby area showed an increase of up to 8.45 ppb as shown in Figure  7 . The reason for the increase in the ozone concentration at the port and surrounding area was attributed to the absence of titration as a result of lack of fresh NO x emissions from OGV and barges. Furthermore, Figure 8 shows the maximum episodic impact unpaired with time, where the ozone concentration decreased by up to 1.73 ppb downwind. This represents the overall impact of the anthropogenic emissions from marine engines on the urban air quality.
Impact of Hoteling Emissions
For OGV emissions, hoteling contributed more than 50% of the total NO x emissions as shown in Figure 8 . These contribute significantly to the total urban NO x emissions. A sensitivity analysis was conducted by "removing" hoteling emissions from the photochemical model to assess the maximum impact on the 8-hour ozone concentrations in the CCUA. The results showed a 0.45 ppb and 1.31 ppb maximum increase and decrease (downwind) in the 8-hour ozone concentration as shown in Figure 9 . The reason for the increase in the ozone concentration at the port was the absence of titration due to a lack of fresh NO x emissions and a subsequent decrease in the ozone concentration downwind was due to a reduced photochemical production as a result of lower NO x emissions. 
Impact of Fuel Types
OGVs typically use "Residual oil" fuel, which has 2.7% sulfur contents. In this analysis, the impact of Marine Diesel Oil (MDO) with 1%, 0.5%, and 0.1% of sulfur as an alternate fuel during transit as well as hoteling was under taken. This analysis was conducted in anticipation of an upcoming change in rule, which could require switching marine engine fuel to a cleaner fuel when a ship is within the maritime control of a port. For this analysis the emissions from each vessel during 2007 were recalculated with above mentioned fuel types. It was found that the use of MDO 1% S reduced NO x by 117 tons (6%), PM 10 by 125 tons (67%), PM 2.5 by (66%), and SO x by (65%) from OGV as shown in Table 7 . However, further reduction in NO x emissions was not observed in case of MDO 0.5% S and 0.1% S. Significant reduction in PM and SO x emissions were also observed with the use of the alternate fuel types. The impact analysis conducted using a photochemical model indicated that the change in fuel from residual oil to marine diesel oil with 1% sulfur had an insignificant impact of about 0.065 ppb on the 8-hour ozone concentrations in the CCUA as shown in Figure 10 . The impact on the ozone level due to fuel switching was also not significant, however it helped in reducing the overall burden of NO x , PM, and SO x emissions within the coastal urban area.
Ozone Sensitivity Analysis
The sensitivity of ozone formation was determined by implementing the DDM technique. In this analysis, the sensitivity of ozone to marine engine emissions was determined. First order ozone sensitivity coefficients due to NO x and VOC emissions along with the higher order sensitivity coefficients are shown in Figure 11 . The DDM analysis has shown higher ozone sensitivity to NO x emissions than VOC emissions. NO x emissions from marine engines displayed the highest sensitivity coefficient of 1.25 ppb in the northern and western re- gions of the port while it showed a negative ozone sensitivity of 2 ppb at the port as shown in Figure 11 (a). Highest VOC sensitivity was observed to be at the port and in the surrounding bay area as shown in Figure  11 (b). This suggests that reducing the VOC emissions from marine engines will marginally improve the ozone air quality in the urban airshed, and the control of NO x emissions will be far more beneficial for downwind areas further from the port than near the port premises.
Conclusion
A comprehensive assessment of the non-road emissions from OGV and barges in the Corpus Christi urban airshed was conducted in this study. The non-road mobile sources contributed approximately 27% of the NO x and 18% of the VOC emissions. The number of OGV calls peaked during 2007 and subsequently dropped in due to the recent economic downturn that started in 2008. It was also noted that 54% of the NO x emissions and 55% of the VOC emissions were emitted from OGV during hoteling operation. CAMx model was used to evaluate the impact of ozone precursor emissions by simulating a high ozone episode of September 8-16, 2002 . From the zero-out emission runs, it was observed that the net impact of ozone precursor emissions from OGVs and barges on the urban peak 8-hour ozone levels was approximately 1.73 ppb within the airshed. Ozone sensitivity analysis using DDM on the 8-hour ozone concentrations showed a higher sensitivity to NO x emissions. Thus, any NO x related controls for marine engines will benefit the local and regional ozone levels. Results from this study, provides policy makers with the necessary approach to assess the impact of large emissions source categories in coastal urban airsheds with major port infrastructure and industrial operations.
